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ABSTRACT
Design, Modeling, and Thermal Characterization of Temperature Gradient
Gas Chromatography Micro-Columns
Parker David Schnepf
Department of Mechanical Engineering, BYU
Master of Science
This thesis presents a thermal gradient gas chromatography (TGGC) system that is implemented on a micro-scale. The GC column is approximately 20 cm long and is fabricated out of
silicon with 21 nickel thin-film heaters evenly placed along the length of the column. Computational heat transfer models using ANSYS Mechanical APDL predict heating and cooling rates
up to 32,000 °C/min and 3,600 °C/min, respectively. These results are verified through testing
an experimental silicon channel. A PI controller which uses resistance measurements to calculate
thin-film temperature is used for obtaining dynamic thermal gradient control. This controller is
shown to possess a characteristic rise time of approximately 0.3 seconds with less than 4% overshoot and precision to within less than a degree. These characteristics present this system as a
highly favorable candidate for a µGC column with resolution similar to that of conventional GC.
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CHAPTER 1.

1.1

INTRODUCTION

Problem statement
Gas Chromatography (GC) is a method for separating non-specific chemical samples into

component parts for identification and analysis. Benchtop laboratory GC systems are highly specific and reliable; however, their accuracy comes from passing the analyte through a long column
(typically 30-100 meters long) and tightly controlling its temperature using a convection oven. This
makes these systems power intensive, non-portable, and slow. Briefcase-size GC systemshave been
developed and have proven successful at increasing the portability of GC and detection systems.
One example of these portable systems, the Torion T-9 GC/MS developed by PerkinElmer, has
been successfully used to test for contaminated ground water and illicit drugs [2, 3]. Such portable
systems offer significant advantages and present new ways in which GC may be applied and come
in relatively lightweight packages weighing around 30 lbs. Figure 1.1 shows examples of both
benchtop and briefcase sized systems. Despite the progress made in reducing the size and power
requirements of GC there still remains a significant need for a miniaturized palm-sized, low-power,
non-specific gas sensor that is easily transportable, accurate, and robust for use by first-responders,
in the home, for worksite safety, or even for space exploration [4]. Microfabricated gas chromatography (µGC) devices built on silicon wafers have been explored in the past as a possibility to fill
this hole [5, 6]. However, µGC systems are not as efficient or reliable as benchtop GC, primarily due to the much shorter column length (typically between 1-3 meters). In order to reduce the
severity of these effects we propose a µGC system that provides precise control of the thermal gradient along the entirety of the column using a method called thermal gradient gas chromatography
(TGGC).
TGGC is a GC variant in which a thermal gradient of decreasing temperature is established
and controlled along the length of the column. It was originally researched by Zhukhovitskii et
al. [7] and subsequent research has shown it to significantly improve resolution and gas separation
1

Source: https://www.brechbuehler.ch

Source: https://www.wikipedia.org
(a) A laboratory table-top gas chromatographymass spectrometry system

(b) A portable chromatography-mass spectrometry system

Figure 1.1: Examples of currently used GC systems

[8, 9]. Our µGC column design will offer multiple points of temperature control which when
coupled with a feedback controller will give the user precise control of the thermal gradients down
the length of the column, allowing for an unprecedented level of not only temporal but also spatial
temperature control. We believe that asserting such a high level of temperature control will enable
fast analysis runs with highly accurate detection using a column with a small enough footprint to
fit in the palm of the hand.

1.2

Background
Gas chromatography is, at its core, a technique used to separate mixtures of volatile and

semi-volatile chemicals for detection. It is a mainstay in many industries and fields, used to analyze chemical warfare agents, airborne pollutants, drugs in athletes, residual solvents, petroleum
hydrocarbons, and aromas, among many other things. High end GC systems are precise enough
to detect chemicals in the parts per trillion range. As seen in Figure 1.2 it functions by injecting
a sample along with an inert carrier gas, called the mobile phase, into a long column, lined with
a polymer stationary phase such as polydimethylsiloxane (PDMS). As the mobile phase passes
through the column, compounds in the gas sample will be adsorbed and desorbed by the stationary

2

phase at different rates, and this differential attraction causes them to separate from each other and
form individual ‘peaks’ of separated compounds which can then be detected.

Source: https://www.wikipedia.org
Figure 1.2: Standard gas chromatograph set-up

The rates of adsorption are highly dependent on temperature, and so precise temperature
control of the column is a necessity to get adequate peak separation and narrowing. To this end a
GC column is typically placed in an oven where its temperature can be tightly controlled. This is
refered to as temperature programmed gas chromatography. Once the compounds have been given
sufficient time to separate the temperature of the oven is ramped up and the higher temperatures
sweep the compounds out of the column and into the detector, commonly a mass spectrometer.
The oven then must be cooled before the column is capable of analyzing a new sample. Isothermal
GC works so well because the columns are fabricated to be almost perfectly round, allowing the
stationary phase to be uniformly coated, and because the extreme length gives the sample plenty
of space in which to separate enough to be easily distinguishable. The goal of TGGC is to let the
thermal gradient instead of the column length determine the quality of separation.
TGGC has a distinct narrowing effect on analyte peaks. The chemical analytes that compose the sample associate less strongly with the stationary phase at higher temperatures and therefore move faster, while the opposite is true at lower temperatures. This causes the analyte to
compress around an equilibrium point in the column. What’s more, when the thermal gradient can
dynamically change within the column the analyte peaks can have a much higher degree of separation, allowing them to elute at controllable intervals and making detection much easier. Figure 1.3
succinctly shows how both of these effects work.
3

(a) Peak concentration due to thermal gradient

(b) Peak separation due to dynamic thermal gradient. By causing the slope of the negative thermal
gradient to change it is possible to actively separate analyte peaks

Figure 1.3: Effects of a dynamic thermal gradient as presented by Contreras et al. [1]

Typically, µGC columns suffer from band broadening, peak asymmetry, and poor peak
separation due to non-uniform stationary phase coating, active sites in the column, dead volume,
poor sample injection, and short column length [4]. Recent work performed by Ghosh et al. has
shown that TGGC can be successfully utilized to analyze complex volatile and semi-volatile compound mixtures and to enhance the separation performance of µGC columns [10]. The microchip
columns used in these recent experiments used two heaters and relied on the geometry of the column to achieve a negative temperature gradient, giving excellent temporal thermal control, but
spatially the temperature profile was limited to always be roughly exponential. We believe that
developing a microchip device which uses an array of heaters to achieve high levels of temporal
and spatial temperature control throughout the entire column length will further improve peak separation and symmetry, decrease tailing, and compensate for stationary phase pooling. This will
ultimately allow for the overall size of the column to be further reduced, bringing us a step closer
to a fully realized hand-held GC device.
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1.3

Achieved research objectives
Previous research has focused on using dynamic temperature gradients in standard GC

columns and on establishing constant thermal gradients in microcolumns [1, 4, 10, 11]. The end
result of this research is a µGC column and temperature control system capable of providing a
precise and controllable dynamic temperature gradient along the length of the column in order to
provide high resolution peak separation and narrowing of volatile and semi-volatile chemical vapor
samples.
The presented work has accomplished the following objectives:
• A silicon micro-column was designed and thermally characterized. The column is capable
of maintaining a linear temperature gradient down its length and is capable of heating and
cooling rates of at least 3000 °C/min and 1500 °C/min respectively. Cooling is achieved only
through passive methods, and the column was designed to optimize the balance between
heating rates, cooling rates, and power consumption.
• Metal thin-film heaters that comply with the geometry of the micro-column were designed
and fabricated. These heaters are capable of providing enough power to cause the heating
rate enumerated above, and are able to act as temperature sensors by measuring resistance
changes due to the material’s temperature coefficient of resistance. The geometry of the
heaters was designed to provide good contact points for wire bonding and maximized heat
generation and electrical efficiency. Nickel was chosen for the heater material due to its low
resistivity, high temperature coefficient of resistance, and ease of fabricating using a lift-off
process.
• A feedback controller was designed and fabricated that can quickly and precisely control the
temperatures of each of the 21 heaters on the column and establish the desired thermal gradient. Hardware and software for controlling the heaters and accurately measuring temperature
through resistance measurements was developed.
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1.4

Presented research
Chapter 2 presents the design and thorough finite-element analysis (FEA) modeling of

a µGC column. FEA and empirical tests on fabricated columns were performed to verify that
the column met design requirements. It also discusses in detail a multi-stage cleanroom process
that was developed to fabricate the silicon column and nickel heaters. Figure 1.4 illustrates the
completed column.

Figure 1.4: The presented µGC design top down view. The legs of the column are completely
separated from each other and are supported by silicon ribs connecting them to a silicon frame that
is attached to a copper heat sink. Heaters are placed at each bend

Chapter 3 presents a study done on nickel thin-film to characterize nickel resistivity as a
function of temperature and film thickness. It discusses the design of the nickel thin-film heaters
as well as a feedback control system capable of measuring and controlling heater temperature. The
results of simulations and physical tests used to quantify the effectiveness of the controller are also
discussed.

1.5

Contributions
As a result of this research we have designed, modeled, and thermally characterized a

µTGGC column capable of dynamic temperature gradient control. I personally designed, built,
and tested the feedback controller and its supporting circuitry and performed the thermal characterization on sample columns which were fabricated primarily by an undergraduate student. The
6

results obtained support that this design concept will work as a fully-functioning GC system capable of separating a wide variety of volatile and semi-volatile chemical gasses in an extremely
small and low power lab-on-a-chip system. The chapters of this thesis will be reformatted as journal articles and submitted for publication to the Journal of Sensors and Actuators and Journal of
Microelectromechanical Systems.
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CHAPTER 2.
DESIGN AND FABRICATION OF A GC MICRO-COLUMN WITH
COMPUTATIONAL HEAT TRANSFER MODELING AND MODEL VALIDATION

This chapter details the design process for the creation of a micro-scale gas-chromatography
(µGC) column. It discusses the choices for performance parameters and describes in detail the fabrication steps required. It also reviews the creation of analytical and computational heat transfer
models, their results, and validates the results with physical tests on a partially fabricated µGC
column.

2.1

Introduction
The development of µGC devices has been an active area of research for decades, and, as

described in Chapter 1, the benefits of fabricating a high quality system are apparent. Work such
as that presented by Agah et al. demonstrate good separation using micro-machined elements and
standard temperature programming [12]. However, µGC continues to suffer from much reduced
resolution when compared to conventional GC, primarily due to a decrease in channel length, stationary phase pooling, and difficulties associated with sample injection into the very small channels. Many experiments have shown that peak separation can be vastly improved through careful
control of temperature gradients along the channel using thermal gradient gas chromatography
(TGGC) [1, 8, 9, 11]. TGGC improves separation by focusing analyte bands immediately upon
injection and continuously during chromatographic separation. This work presents the design and
thermal characterization for a small-scale TGGC system with highly modular temperature control
which promises high resolutions for columns as short as 20-100 cm. Computational heat transfer
models of the column are presented and compared against the performance of a partially fabricated
channel.
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2.2

Design requirements
A variety of design requirements were derived from previous studies. Contreras et al.

demonstrated that for most samples, temperatures up to at least 200 °C are desired to sweep out
the analyte [11]. The same group also demonstrated dynamic temperature gradient control with
column heating and cooling rates of 1200 and 2500°C/min, respectively, and selective separation,
or “peak gating”, with heating and cooling rates of 4000 and 3500 °C, respectively [1]. Research
has explored the effect of different gradient profiles on peak separation [10, 11], and while the
results indicate that a perfectly linear gradient profile is not required or perhaps even desired for all
cases, the ability to create one with an array of heaters would mean it would be possible to create a
large variety of custom gradient profiles between and during runs. And so it was decided to attempt
to design the instrument so that it could maintain a gradient profile with a negative linear slope and
a maximum deviation of 2% from linear, where 100% is defined as the entire expected operating
temperature range. This translates to approximately a 5 degree deviation envelope, visualized in
Figure 2.13. This makes it necessary to consider how to thermally isolate the column from the
surrounding and to minimize the effects of thermal cross-talk. Because the device is intended to
be used in hand-held devices, its physical footprint must be minimized as much as possible while
maximizing the column length within that footprint. A footprint size of 2 cm x 2 cm was decided
on for initial fabrication and validation steps. Despite the small footprint, the column itself needs to
be designed to be as long as possible to allow for good peak separation. As such, a column length
of at least 20 cm was decided on. Active cooling was considered but decided against due to size
and power restrictions; as such, the column was required to cool off solely via passive methods.
As noted above, it is desirable to have nearly equal heating and cooling rates, and so the passive
cooling system was designed to be able to cool off the column at near the same rate it could be
heated. The amount of power required to operate the heaters was designed to be minimized as
well. One of the advantages of micro-GC over normal more typical GC setups is the much reduced
power consumption due to the very small thermal masses. Minimizing the power required is also
necessary since the device will ultimately be battery powered and battery life will be an important
factor to the device’s usefulness. Table 2.1 summarizes the µGC column design parameters that
were decided upon.
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Table 2.1: Summary of µGC column design parameters based on previous studies
Max Temp. Heating Rate
Cooling Rate
Footprint
300 °C
>4000 °C/min >3500 °C/min 2 cm×2 cm

Length
Gradient Profile
>20 cm +/-2% from linear

In addition to the requirements enumerated in the previous paragraph, there were also a
series of limitations placed upon the design. Some of these were decided on so that the fabrication
steps could stay relatively simple, while others were simply necessary in order to reduce the design
space to a reasonable size. A large number of discrete temperature controlled points were desired,
but in order to keep the number reasonable it was decided to limit this to 21 heaters. It was
decided that the overall thickness of the column should be 500 µm so that the test samples used
for characterizing thermal properties could be fabricated out of standard 4 inch silicon wafers.
Although the test samples used for thermal characterization would lack a column pore, it was
decided that in the future the easiest way to seal the channel and create a pore for the mobile
phase would be wafer bonding. However, because there is no bond alignment system available
in the cleanroom where the test samples were fabricated, the fabrication process needed to avoid
placing features on both wafers so as to eliminate the need to align wafers while bonding. It
was determined that these fully fabricated samples could be made out of two 250 micron thick
double-sided polished wafers in order to keep the end thickness at 500 µm, meaning that their
heat transfer properties should be nearly identical with the test samples. It was also decided that
laying out the column in a serpentine pattern would be the best way to apply the apply the heaters
and mitigate thermal crosstalk between segments of the column where heat transfer is not desired.
Table 2.2 summarizes the limitations and additional design requirements listed in this paragraph.
Given these limitations and the list of desired parameters above, it was possible to begin creating
simple models to help refine aspects of the design such as specific dimensions needed to achieve
heating and cooling rates.
Table 2.2: Summary of design choices made to limit fabrication complexity and reduce the overall
design space
No. of Temp. Control Points Column Thickness Wafer Bond Alignment Column Layout
21
500 microns
No
Serpentine
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The final column design can be seen in Figure 2.1. The additional dimensions were determined during the modeling steps described in subsequent sections.

(a) Top-down diagram of the snaking column with
dimensions derived from modeling results. The
black is silicon and the white represents negative
space. The column goes in a serpentine pattern
and is connected to a silicon support frame by thin
silicon ribs

(b) Cross-sectional view of the silicon column
showing the column pore and associated dimensions derived from modeling results. The silicon
shroud surrounding the pore helps facilitate conductive heat transfer down the length of the column

(c) Rendering of the heater on the column once
all fabrication steps are complete. Red indicates
nickel, black indicates silicon, and white represents negative space. The heaters are located on
each U-bend of the serpentine column

Figure 2.1: Visualizations of the column design with a top-down view to show the serpentine
pattern, a cross-sectional view to show the column pore, and a demonstration of the heater design
and position on the column
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2.3

Design questions
Modeling, particularly the finite-element analysis (FEA) described in the subsequent sec-

tion, was used to help refine the design, determine necessary dimensions, and answer some important design questions. The most important design questions which needed answering are summarized as follows:
• How should passive cooling be achieved, or in other words, what is an effective design
that maximizes cooling rates and minimizes power requirements while being mechanically
stable?
• What is an efficient way to thermally isolate the column in order to create nearly linear
gradient profiles along the length of the column while maintaining mechanical stability?
• How strongly will heating and cooling rates throughout the column be spatially dependent?
• What power will be required to achieve desired temperatures?
• How will uncontrolled heat transfer effects (such as convection and radiation) affect the
temperature gradient?
Section 2.4 gives answers to these questions and describes in depth the FEA models used
to obtain them. Based on the results achieved from the FEA models the device dimensions were
determined. These dimensions are again displayed in Figures 2.1a and 2.1b. Once the important
design questions were answered and dimensions finalized, a fabrication process was developed.
The finalized design is etched out of silicon and is connected to a silicon frame by small
silicon ribs which allow for passive cooling. The size of the ribs is designed to allow near equal
rates of cooling and heating by balancing the conductance down the channel and through the ribs.
Thin film heaters made of nickel are deposited at each bend of the column, offering 21 distinct
points of temperature control. With discrete points of thermal control and minimized heat transfer
in any direction but down the column and out the bridges, a suitable initial design for a TGGC
µcolumn was verified through analytical modeling and FEA to possess the design requirements
detailed above.
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2.4

Finite-element computational heat transfer models

(a) This simple one-dimensional conduction-only
transient analysis used a channel that was set to
an initial temperature of 300 °C and connected to
a copper conduction strip with the far edge given
a constant temperature boundary condition of 30
°C (this B.C. can be better seen in the section describing this model below). The rest of the surface
of the channel was adiabatic, so that heat transfer
could only occur down the length of the silicon
into the ‘heat sink’ modeled by the B.C. on the
copper strip. The dimensions of the copper strip
were modified to find the proper amount of conduction that resulted in the desired cooling rates

(b) This three-dimensional conduction-only
steady-state model was used to determine how
best to eliminate thermal cross-talk. Thin-film
heaters were modeled simply as small wires and
given constant temperature B.C. on their surfaces.
Copper strips were placed at either end of the
column and have constant temperature B.C.’s,
nearly mimicking the 1D model described to
the left. The model is discussed in more detail
in Section 2.4.2 which includes a zoomed-in
figure showing the B.C.’s more clearly. The
temperature along the upper-inside edge of the
column between the two ends was measured
and the thickness and material of the substrate
was adjusted in ways to make the temperature
gradient profile as linear as possible

Figure 2.2: A summary of the two preliminary FEA models used to answer design questions and
help determine device dimensions

Three finite-element models of increasing complexity and detail were created and used to
test different assumptions and to answer the design questions posed above. They are displayed
and summarized in Figures 2.2 and 2.3. The first of these is an extremely simple conduction-only
heat transfer simulation. It is composed of a silicon channel connected to a metal strip which is
in turn attached to an infinite heat sink. This model was built to test the ability of the column to
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Figure 2.3: This three-dimensional conduction, convection, and radiation transient model analyzed
the heat transfer properties of the final test design. For simplicity’s sake the effects of radiation
were lumped into convection since they would have roughly the same effect on the temperature
gradient profile of the column. Figure 2.8 in Section 2.4.3 explains in detail the B.C.’s and I.C.’s of
the model. The model was used to test heating and cooling rates when the heaters were modeled
more accurately, as well as how the distance from the heaters affects those rates. It was also
used to predict the temperature gradient profile between temperature control points. The power
requirements were also estimated using this model

cool passively and to help optimize cooling rates and power consumption. The second model is
a three-dimensional conduction only heat transfer simulation. It is composed of a silicon channel
resting on substrates of differing materials and thicknesses, again with a metal strip connecting the
channel to an infinite heat sink to provide passive cooling. This model’s purpose was to test ways
to thermally isolate the legs of the GC column from each other so as to maintain linear temperature
gradients. Results from these first two simulations were used to refine the column design and aided
in selecting device dimensions. The third model uses geometry from the final column design and
incorporates conduction and convection, and radiation. This model was used to determine spatial
effects on heating and cooling rates, power requirements, and the effects of uncontrolled natural
convection on the temperature profile along the length of the column.
The results presented in this section will focus primarily on the third and most refined
model, although the important results from the first two will be discussed briefly to explain the
answers to certain design questions. All three models were meshed using the SOLID90 element,
a higher order 20-node 3-D thermal solid element with a single degree of freedom, temperature,
at each node. This element has thermal conduction capability and is applicable to steady-state and
transient thermal analysis. Grid and time-step independence tests were only performed on the third
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simulation, but since the first two simulations were only used as rough analyses to approximate
behavior, using relatively fine meshes without verifying convergence was deemed acceptable.

2.4.1

Simple one-dimensional channel
This basic column design is composed of two passive elements: a thermally conductive

silicon shroud surrounding the column pore, and a conductive element connecting the column to
a heat sink. Figure 2.4 shows the geometry and boundary conditions used for this analyses. The
geometry was meshed using SOLID90 elements with an element size of 1 µm, which resulted in a
mesh comprised of 481,623 nodes and 240,806 elements.
This analysis was used primarily to approximate the expected column cooling rates via
conduction through some passive element connected to a heat sink. The dimensions of the cooling
conductive element in this particular case is 100 µm wide, 1 µm thick, and 100 µm long. These
dimensions are somewhat arbitrary, as are the dimensions of the column itself. These were used as
baselines to predict cooling behavior and adjustments to the column geometry were derived from
the results. The temperature of the column as a function of time is illustrated in Figure 2.4c.
The dimensions of the conductive element were adjusted based on these results. The thermal resistance of the passive conduction element was modified to be equal to twice the thermal
resistance of the silicon shroud surrounding the column pore, or as near to this value as possible
without risking mechanical failure. This was to help ensure that cooling rates would be on par with
heating rates without unduly increasing power requirements. Because the column was to be fabricated on silicon wafers, which are generally about 500 microns thick, the decision was made to
make the column 500 microns thick. The conduction element was modified to a silicon rib that is
etched along with the column, giving it a fixed height of 500 microns. With the choice of material
and height of the passive cooling element decided, the length to width ratio necessary to maintain
the desired thermal resistance was determined. This relationship is shown in Figure 2.5. Based on
this calculation, the dimensions of the passive conduction element were chosen to be 1.5 mm long
and 0.07 mm wide. These dimensions are used in the suspended channel model presented later in
this section.
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(a) The point marked at the upper left of the image is where the temperature was measured. This
image was taken approximately 0.2 seconds after
the start of the simulation to show how the parts
farther from the heat sink cool slower

(b) A zoomed in image of the simple straight column to better demonstrate the boundary conditions. The copper conduction strip in this image
is 100 µm × 100 µm × 1 µm

(c) Time-dependent temperature of the point on
the silicon column furthest from the heat sink
when the column is allowed to cool from 300 to
30 °C. The time-response curve displays first order behavior (as expected for constant temperature boundary conditions) with a time constant of
approximately 1 second

Figure 2.4: Transient results from a finite-element analysis testing the passive cooling rate of a
silicon column. The dimensions of the passive cooling component connecting the silicon column
to the heat sink were modified until desired cooling was achieved. The color bar refers to nodal
temperature
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Figure 2.5: The relationship between passive conductive element length and width necessary to
maintain a thermal resistance equals to two times the thermal resistance of the silicon column
shroud, assuming the shroud is 500 µm thick and about 200 µm wide

2.4.2

Channel resting on substrate
It was decided that the best way to create the column pore inside the channel would be to

etch the pore in one wafer and then bond that wafer to another to seal the channel. This would
essentially create a channel, etched out of the first wafer, sitting on top of a substrate made of
the second wafer. This substrate design posed complex heat transfer questions, namely how would
having a substrate affect thermal cross-talk between different legs of the column. Multiple versions
of this setup were designed and analyzed. The results from three of these are presented here in
order to show the trend of how the substrate affects the linearity of the gradient profile. The three
cases are 1.) a silicon column resting on a thick silicon substrate, 2.) a silicon column resting on
a thick silica glass substrate, and 3.) a silicon column resting on a very thin silica glass substrate.
Figure 2.6 shows the geometry and boundary conditions applied to the thin substrate analyses for
reference. All of the tests used identical boundary conditions, the only thing that was changed
was the substrate material and thickness. The geometry was meshed using SOLID90 elements
with an element size of 20 µm, which corresponds to a mesh comprised of 497,185 nodes 345,058
elements for the thick substrate models.
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(a)

(b)

Figure 2.6: Steady-state results from a finite-element analysis testing the heat transfer of a silicon
column resting on a very thin silica glass substrate. Dimensions and boundary conditions are
marked. The temperature was measured along the length of the indicated orange line. The color
bar refers to nodal temperature

The temperature profile between the two heaters was determined from each of the FEA
results, seen in Figure 2.7. Even though silica glass has an extremely low thermal conductivity
(on the order of 100 times less than silicon’s), a relatively thick substrate of glass is enough to
skew the linearity of the temperature gradient even over very short lengths of the channel (in this
case the length of the channel between heaters is only 5 mm). This effect is diminished as the
substrate thickness is decreased. However, if the substrate needs to be etched so thin in order to get
desired heat transfer properties, it was decided to simply etch all of the way through the substrate
and suspend the channel in air to eliminate any dangers of thermal cross talk between channels via
conduction.

2.4.3

Suspended channel
The geometry from a segment of the fully modeled column was imported into ANSYS

Mechanical APDL. The section of the model used in the FEA along with the boundary conditions
can be seen in Figure 2.8. All the elements were set to an initial temperature of 30 °C, and constant
temperature boundary conditions were applied to the areas representing the heaters as well as the
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(a) Temperature profile of a silicon channel resting on a 250 µm Si substrate

(b) Temperature profile of a silicon channel resting on a 250 µm SiO2 substrate

(c) Silicon channel resting on a 2 µm SiO2 substrate

Figure 2.7: Temperature profiles along the length of the column between the two heaters for various
substrates. For all cases there exists a slight dip where the column bends

far areas of the regions representing the silicon support frame, simulating an infinite heat sink.
Figure 2.8 illustrates the placement of boundary conditions on the FEA model.
The entirety of the model was meshed with SOLID90 elements, with the column itself and
the regions around the heaters having a higher density mesh. The vertical sides of the column were
also meshed with SURF152 elements, a 3-D thermal surface effect element. SURF152 is defined
by four to ten nodes and shares nodes with the underlaying solid element. The SURF152 elements
allowed convective effects to be applied to the surfaces. Radiative effects were lumped with con-
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Figure 2.8: 3D model used in the FEA performed in APDL. The model segment contains three
heaters and is primarily designed to explore the realistic spatial and temporal heat transfer along
the length of the column between heaters. The solid blocks connected to the column to either side
represent the silicon support frame the column is attached to. The far edges are set to a constant
temperature representing the temperature of a theoretical infinite heat sink. The surface of the
heaters, which in this case lie on the top of the column and extend across the entirety of the curved
sections of the column, were set to constant temperatures, and the walls of the column were given
a convective B.C.

vection because they can both be defined on the surface of the model and will have roughly the
same effect on the gradient profile. This led to the choice of a convective heat transfer coefficient
of 30 W/m2 -K in order to approximate natural convection in air and radiative effects. The fluid
temperature was set to T∞ = 30°C.
The model was tested for grid independence by evaluating how the temperature profile
along the length of the column changes with element size. Figure 2.9a shows the results of this test.
As can be seen in the figure, beyond approximately 796,593 elements the results are graphically
indistinguishable, and further increasing the number of elements does not further improve the
accuracy of the simulation. The element size at the converged solution was about 25 µm around
the heaters and along the column, and about 50 µm in the regions representing the silicon frame.
The model was also tested for time-step independence by evaluating how refining the time-step
changed the power out of the heater as a function of time. The results of this tests can be seen
in Figure 2.9b. As seen in the figure, using a time step finer than about 0.01 seconds has no
distinguishable effect on the accuracy of the simulation.
When the heaters are powered they can be modeled as constant temperature boundary conditions. This causes the temperature change within the silicon column to display a first-order
response to step changes in input. Because of this, the response can be summarized by a single
parameter, the time constant τ, which represents the time it takes for the step response to reach
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(a) Plot of the steady-state temperature profile of
the column between two heaters set to 300 °C for
various grid sizes in order to verify grid independence. The two finest grids are practically indistinguishable

(b) Plot of the heat flow out of the middle heater as
a function of time for various time steps in order
to verify time-step independence. The two finest
time steps are practically indistinguishable

Figure 2.9: Results of tests to verify grid and time-step independence

63.2% of its final value. The boundary conditions also cause some spatial dependence on the response time of the silicon channel temperature based on distance from the heater. Figure 2.10
demonstrates this effect when the column is a.) heated from ambient conditions to 300 °C and b.)
then allowed to cool back to ambient temperatures. When heating, the average τ along the length
of the channel was found to be about 0.117 seconds, while the maximum difference between the
time constant of the region between heaters and right next to a heater was found to be only 0.0675
seconds. When cooling, the average τ was found to be about 1.062 seconds, while the maximum
difference between the time constant of the region at the middle of the column and right next to a
heater was found to be only 0.1 seconds. Because the discrepancies in time-response due to spatial
differences are on average less than 0.1 second, they are expected to have no drastic effect on GC
performance. These time constants translate to maximum heating rates of approximately 32,000
°C/min, and maximum cooling rates of approximately 3,600 °C/min, well above the desired rates.
It must be noted that the constant temperature condition that caused such high heating rates could
only be replicated in reality given an extremely high amount of power, and so it is unrealistic to
expect rates as high on the physical device.
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(a) Nodal temperature at various points along the
channel during heating. This plot shows how
heating rates get lower as the point being measured gets further away from the heater

(b) Nodal temperature at various points along the
channel during cooling. This plot shows that cooling rates are barely affected by position

Figure 2.10: Demonstration of spatial dependence on heating and cooling rates along the length of
the silicon column

The time responses at different points across the cross-section of the column were also
inspected to check if there would be uneven heat transfer around the column pore. Figure 2.11a
demonstrates that there may be some very slight differences in heating rates between the top and
bottom face of the column pore in the region very near the heater because of the placement of the
heater on the top of the channel. The observed time constant at the top and bottom of the pore was
0.0375 and 0.0625 seconds, respectively, with a steady state offset of about 0.5 °C. However, at any
appreciable distance from the heater this effect is no longer observed (Figure 2.11b). Cooling rates
also do not appear to be uneven (Figure 2.11c). Overall, any differences in heating and cooling
rates across the cross section of the column appear to be slight enough so as to not negatively affect
the quality of gas separation.
The power required from the heaters to maintain certain temperatures is presented in Figure 2.12. According to the simulation, when all the heaters are at the maximum operating temperature of 300 °C, each heater will require an estimated 0.538 W of power. Steady-state heater
temperatures of 188 °C will require approximately 0.374 W to maintain a constant temperature.
These values cannot be taken as absolutes however, because the power required for an individual
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(a) Cross sectional effects on heating rates of the
column pore in the region around a heater

(b) Cross sectional effects on heating rates of
the column pore in the region halfway between
heaters

(c) Cross sectional effects on cooling rates of the
column pore in the region around a heater

Figure 2.11: Demonstration of spatial dependence on heating and cooling rates across the channel’s
cross-section

heater to maintain its temperature will be highly dependent on the temperature of the neighboring
heaters.
The temperature profile between every heater is of particular importance because the purpose of the column design is to allow for exceptional control over temperature gradients in order to
achieve excellent peak separation. The column has been designed to eliminate unwanted sources
of conduction; however, so long as the column operates in an open air environment, natural convection will be present. The temperature profile of the channel between the heaters when set to
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Figure 2.12: Power required to maintain constant heater temperature

various temperatures is presented in Figure 2.13. The analytical solution overlays the FEA solution
to show the agreement between the two. The analytical solution assumed the column to be a fin
subject to convection across its length with fixed temperature boundary conditions. Following the
approach outlined by Bergman [13], this led to the analytical solution in Equation (2.1).
θ (x)
=
θb
where m2 =

hP
kAc ,

θL
θb sinh(mx) + sinh(m(L − x))

sinh(mL)

(2.1)

θb = θ (0), θL = θ (L), and θ (x) = T (x) − Tin f . The analytical and FEA results

overall show excellent agreement over the region of the column between the heaters.
As seen in the figure, the cases involving high temperatures or small temperature changes
result in a temperature profile that is not as linear as the design requirements dictate. Fortunately,
should it prove necessary, this problem can be remedied in large measure by vacuum packaging
the chip in order to prevent convection from occurring. This solution will not however prevent
radiative heat transfer. Further testing will be done to determine if the local non-linear gradients
prove damaging to GC performance. It may be that so long as the global trend along the length of
the column is correct, peak separation will still occur as desired.
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(a) Heater temperatures set to 300 °C and 300 °C

(b) Heater temperatures set to 200 °C and 188 °C

(c) Heater temperatures set to 188 °C and 137 °C

Figure 2.13: Steady-state temperature profiles between two heaters set to various temperatures.
The analytical solution is presented to verify the FEA results. The dashed lines represent the maximum allowable deviation from a linear temperature gradient as defined in the design parameters

2.5

Fabrication steps
A fabrication process was developed for the finalized design analyzed in the previous sec-

tion, and a partially complete µGC column was fabricated and compared to the computational
model. Figure 2.14 illustrates the column fabrication steps. The steps can be summarized as follows: a.) Grow a thermal oxide layer, b.) Pattern photoresist for the heaters, c.) Evaporate nickel
thin-film on the wafer, d.) Wash the wafer in acetone to remove the excess nickel in a lift-off
process, e.) Pattern photoresist to cover where the suspended serpentine channels will be, and f.)
Perform a through-wafer etch to release the column and leave it suspended in air. The purpose
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of this fabrication process was not to create a functional GC column, but to create a sample that
would allow for testing of thermal characteristics.

Figure 2.14: Fabrication steps for the released µGC columns used for thermal characterization:
First an oxide layer is grown (a). Then photoresist is patterned for the heaters (b). Nickel is
deposited via electron-beam deposition (c). The wafer is washed in acetone, removing the excess
nickel (d). The wafer is patterned in preparation for the final etch (e). A through-wafer etch
occurs in order to release the column and leave it suspended in air, supported only by support ribs
connecting it to a cooled silicon frame (f). The final column is 500 microns tall and 200 microns
wide

The first step is to grow a layer of electrical insulation on the silicon before the heaters are
fabricated. 200 nm of thermally grown wet oxide was determined to be sufficient at the running
voltage. The oxide is grown using a Bruce Tube Furnace. Running wet O2 at 1100 °C for 135
minutes resulted in an oxide layer approximately 1 micron thick, more than thick enough to prevent
the running voltage from exceeding the break-down voltage of the insulating layer.
The wafers are then patterned for the heaters. The photolithography is done by spinning
on HMDS at 3000 RPM for 10 seconds, followed by a 60 second bake at 110 °C to promote
photoresist (PR) adhesion. One coat of AZ 3300 PR is spun on at 5000 RPM for 60 seconds. This
results in a PR layer about 2 microns thick. A 60 second ‘soft bake’ at 90 °C is followed by a 12
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Table 2.3: Etch recipe used for DRIE through-wafer etches. The
etch results in approximately a 3 degree undercut. Reducing
the platten power and adjusting the deposition time will slow
down the etch and result in a more vertical profile.
C4 F8
SF6
O2
Coil
Platen
Time
Pressure

Etch
5 sccm
130 sccm
13 sccm
500 W
50 W
14 sec
31 mTorr

Deposition
85 sccm
0 sccm
0 sccm
500 W
0W
15 sec
20 mTorr

second exposure using a Karl Suss aligner. The PR is then developed in MIF 300 for 40 seconds,
followed by a 1 minute rinse in de-ionized (DI) water. The wafer is dried using an air gun and then
‘hard baked’ for 60 seconds at 90 °C. A 20 second plasma etch to descum the wafer at this stage
was found to be helpful in promoting metal adhesion in coming steps.
Next, 15-20 nm of chromium is deposited on the wafer in a Denton E-beam Evaporator
at a rate of approximately 3 Angstroms/second. This acts as an adhesion layer [17, 18]. A 60
nm layer of nickel is then deposited in the same way. Nickel was determined as the best heater
material because of its high thermal coefficient of resistivity, low resistivity, and ease of deposition.
A lift-off process is used to remove the excess chromium and nickel. This is done by submerging
the wafer in acetone and then sonicating it for 15 minutes, thus removing the PR and the metal
on top of it and leaving behind the heater pattern in nickel. The specifics of the heater design are
presented in much greater detail in Chapter 3.
The wafer must next be patterned in preparation for the final etching step. AZ 3300 is not
robust enough to act as a PR mask as it will not withstand the DRIE process. SU8, a crosslinking
negative resist that can be spun on extremely thick, is used instead. To apply the SU8 5 drops of
Omnicoat are first spun on the wafer at 3000 RPM for 30 seconds. The wafer is placed on a hot
plate at 200 °C for 1 minute. The SU8 is then spun on in three steps, first at 500 RPM for 6 seconds,
then at 2500 RPM for 60 seconds, and lastly at 6000 RPM for 2 seconds. The wafer is then baked
on a hot plate at 65 °C for 3 minutes. The plate temperature is increased to 90 °C and the wafer is
baked for 6 minutes. The plate is then allow to cool and the wafer is removed from the hot plate
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once the temperature again reaches 65 °C. Using the Karl Suss aligner, the intensity of 386 nm light
is measured in order to calculate the time necessary to achieve the total exposure energy needed
to pattern the SU8. This exposure time should be about 158 divided by the measured intensity.
Afterwards, the SU8 is baked following the same procedures used right before the exposure step.
The wafer is developed in SU8 developer for 5 minutes and then washed with IPA followed by DI
water. A post development bake follows where the wafer is placed on a 65 °C hot plate and the
temperature is then set to 200 °C and allowed to ramp up. The wafer is left on the hot plate for 20
minutes.
The final step is a through-wafer etch. The wafer is first attached to a support wafer using
Crystal Bond. It is then taken to an STS Multiplex ICP Etch machine for DRIE. Table 2.3 summarizes the recipe used to etch the through-wafer alignment marks. The DRIE process used was
derived from work done by Wu et al. [14], Pike et al. [15], and Ayon et.al [16]. The STS is run
for 50 cycles and the etch depth is then measured in a profilometer. At this point the etch should
be approximately 50-60 µm deep. The depth is used to calculate the number of cycles needed to
etch through the entire wafer, and then the STS is allowed to continue to run until the wafer is
etched through. After the through-wafer etch the wafer can be cleaned in O2 plasma in the STS.
The etched wafer is easily removed from the support wafer by placing them on a hot plate set to 90
°C, after just a few moments the wafers can be separated. Figure 2.15 contains scanning electron
microscope (SEM) images of the channels after the final through-wafer etch.

Figure 2.15: SEM images of channels after the final DRIE etch. The process produces nearly
vertical walls with very little undercut
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2.6

Model verification with test column
The test column described above was used to create and test the feedback controller de-

scribed in Chapter 3. In this section the heat transfer characteristics of the actual column are
compared against the FEA model in order to verify the accuracy of the model and to identify possible causes of discrepancy. The experimental setup and methods described here are identical to
those used to perform the tests described in Chapter 3, and the feedback controller and supporting
circuitry used in the performance of these tests is also described in much greater detail in Chapter
3.

2.6.1

Experiment set-up
With suitable circuitry developed for powering the heaters and measuring temperature, the

etched suspended silicon column with thin-film heaters was mounted on two 3 mm pads of copper
and then wire bonded to a chip carrier and connected to the circuitry. The pads of copper act to
suspend the column in the air, thermally isolating it from the chip carrier, and also act as a heat
sink. Four successive heaters on the column were used to heat the column for these tests, as shown
in Figure 2.16.

Figure 2.16: Top-down diagram of the suspended column with the location of the heaters used in
this study marked by circles
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A FLIR SC6000 Hi-Speed camera was used as a way to verify the accuracy of the temperatures being calculated by the sensing circuitry. This camera measures IR wavelengths in the
range of 3-5 µm. In order to calibrate the camera, the emissivity of the etched silicon wafer was
needed. Silicon is transmissive in IR, and its emissivity is highly temperature dependent [45]. The
process of etching the silicon during the DRIE process caused visible and uneven surface roughness that also affected the emissivity of the silicon. A rough estimate of the silicon emissivity
was obtained by covering part of the column in a black matte paint with a known emissivity of
0.98. The temperature of the column at points immediately next to and within the painted region
were then measured using the FLIR camera while powering the heaters to approximately 100 °C
in order to make the temperature difference more pronounced. Knowing the temperature at the
two points should be approximately the same, it was possible to back out the emissivity of the
silicon, which was found to be about 0.88 at 100 °C. This seemed to be higher than most reported
emissivities for silicon at this temperature, but it is possible factors such as the fact that the surface
of a wafer is relatively smooth and reflective may have caused the higher value to be measured.
Regardless, getting an exact camera calibration was not necessary, and this value was used with the
FLIR camera during the ensuing tests. However, it should be noted that this emissivity calibration
was far from thorough and because the emissivity is so temperature dependent there is very little
confidence in the absolute temperature readings given by the IR camera. The primary purpose of
using the FLIR camera is to obtain information about the time response of the controller and to
ascertain the relative amount of change in temperature. As such the absolute temperatures given
by the camera will be biased in the results for easier interpretation of the data.
To help reduce potentially errant IR measurements of the gold-plated chip carrier underneath the column, a piece of diffuse white paper was placed underneath the suspended channel.
Figure 2.17 shows the physical setup of the equipment, complete with the IR camera and circuitry.
The thin-film heaters were too small to appear in the camera image and so the average reported
temperature of a 3×3 pixel area of silicon directly surrounding the heater was used in lieu of the
actual temperature of the heaters. During the experiments the user used the Serial Monitor in the
Arduino environment to receive information about the state of the heaters. Information about the
temperature of the heater and the current input power were printed to the Serial Monitor approximately every 0.03 seconds.
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Figure 2.17: Experiment setup using a FLIR SC6000 Hi Speed camera to measure temperature

2.6.2

Power required to reach temperature
The power to maintain a heater at 200 °C while the rest of the heaters were kept at 100 °C

was evaluated on the fabricated test column. Figure 2.18 shows the results of this test. In this test
the calculated heater power settles to approximately 0.233 W at steady-state. This is 37.6% less
power than the 0.374 W predicted by the FEA model to maintain a temperature of 188 °C. This
discrepancy could be caused by inaccurate modeling of the thermal resistance between the column
and the heat sink. The FEA model assumes that the the silicon frame is connected directly to an
infinite heat sink, where in reality the frame is glued to a pair of copper pads. The dimensions of
the fabricated silicon ribs may not be as precise as desired as well. These factors may result in an
actual thermal conductivity higher than that modeled using FEA. It may also be affected by the
fact that as opposed to an infinite heat sink, the temperature of the actual frame and heat sink may
heat up when the heaters are running. This would reduce the effectiveness of cooling but would
also decrease the power required to maintain heater temperature.
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Figure 2.18: Power required to command the real heaters to different set temperatures

2.6.3

Heating and cooling rates
Each heater was repeatedly given step input commands to switch between 150 °C and 200

°C while the other three heaters were held at 100 °C. The IR camera was used to measure the time
response of the silicon channel, which was measured to have an average rise time of approximately
0.609 seconds. This response was observed to be nearly identical for both heating and cooling
cases. In Figure 2.19, heating and cooling rates exceeding 8000 °C/min can be observed. When
compared to the FEA model, the heating response is somewhat slower, and the cooling response
somewhat faster. The reason for the heating response to be slower can easily be attributed to a
limit in power. In the FEA model the heat flow out of the heater could not saturate and so, as
observed in Figure 2.12, they could easily output 3 to 4 W of power in order to stay at a constant
temperature. In reality the heaters were limited to outputting approximately 0.7 W of power, and so
naturally the real heating rate won’t match the FEA models results. The reason for the discrepancy
between cooling rates is more difficult to predict. The silicon ribs on the fabricated device were
about twice as tall as the ones modeled for FEA, but they also experienced some undercutting
during the etching process. This makes it difficult to know the precise dimensions of the ribs, but
it is likely that the cross section on the whole is larger, which would cause more rapid cooling. It
may also be because the IR camera was measuring the temperature of the silicon right where the
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passive cooling rib connects to the column, or because convection and radiation played a stronger
role than predicted. The reason for the discrepancy is likely some combination of these factors.

Figure 2.19: Comparison of IR measured temperature, calculated temperature, and input power.
The heater was commanded to temperatures between 100 and 200 °C by step sizes of 25 °C. Both
sets of data show that the temperature overshoots some when the temperature is increasing, but
only the IR data reports a significant overshoot when the temperature is decreasing. The IR data
has been biased so that both measurements overlap at 100 °C

2.6.4

Temperature gradient
The temperature along the column in the region between two heaters was measured using

an IR camera during operation. Figure 2.20 shows the temperature profile measured between two
heaters set to 188 °C and 137 °C along with the predicted profile obtained from the FEA and
analytical methods presented above for comparison. As can be seen, the IR camera measured a
much more severe heat loss along the length of the column.
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Figure 2.20: Temperature profile predicted by FEA and analytical methods between heaters set to
188 °C and 137 °C where the convective heat transfer coefficient is assumed to be 30 W/m2 . The
actual temperature profile measured by an IR camera is also included for comparison purposes

Before attempting to evaluate the results shown in Figures 2.20 and 2.21, it must be pointed
out that the IR camera used in these tests was not calibrated to give absolute temperatures, only
trends in temperature change. Silicon’s emissivity is highly temperature dependent, and no effort
was made during these tests to correct for this fact. This can cause some obvious sources of error
and uncertainty in the measurements. However, for the purposes of comparison the temperature
profiles presented in these figures are considered accurate enough to shed light on potential sources
of unwanted heat transfer. Chapter 3 goes into more detail about the limitations associated with
the tests done using the IR camera.
The FEA models assumed that heat transfer would only occur by heat generation in the
heaters, conduction up and down the column, conduction through the passive cooling ribs to the
thermal heat sink, and natural convection lumped with radiation. It also assumed that all heat
transfer coefficients and parameters were temperature independent. However, a study performed
by Colbert et al. suggests that in microscale devices a variety of factors can affect the expected
heat transfer characteristics [22]. Among these factors are the nonlinear temperature dependence
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of silicon conductivity, thermal conduction across a small air gap, and radiation, especially when
operating in a partial vacuum. The device used in Colbert’s study was a thermal microactuator
about an order of magnitude smaller than the device presented here, and so it is likely that the
effect of thermal conduction across the air gap separating column legs is greatly reduced, while the
effects of thermal radiation may be greatly increased. Figure 2.21 shows what the convective heat
transfer coefficient would have to be in order to get the temperature profiles measured by the IR
camera. The results are higher than what would normally be considered to be realistic for natural
convection, and so there are almost certainly other factors in play, the most prominent likely being
radiation. It is worth noting that there is a significant amount of noise in the region close the thinfilm heaters where the column begins to bend caused by the difficulty of using the IR camera to
measure temperature along a curved line.
Although control of thermal gradients is of supreme importance to TGGC, it may yet be
shown that non-linearities in the regions between heaters may not be so important so long as the
overall temperature trend along the length of the column is preserved.

2.7

Conclusion
A summary of parameters shown necessary to achieve successful separation and peak gat-

ing using TGGC have been presented. A µGC column has been developed and FEA modeling
was used to answer important design questions. A fabrication process was developed and used
to create a test column which was used to characterize the heat transfer properties of the column.
The FEA results and results from the testing were compared and showed reasonable agreement.
Table 2.4 summarizes the desired characteristics, those predicted by FEA, and those measured on
the fabricated column.
The values predicted by FEA and the measured performance match up reasonably well,
and the causes for discrepancies have been discussed. The test column was shown to be able to
heat up and cool down at rates far exceeding those deemed necessary for peak gating and focusing
using TGGC control. Spatial effects were tested to see if the heating and cooling rates differed
significantly based on location and distance from heaters. The rates are observably slower in the
sections of the column that are further from heaters, but the difference in time constant between the
segment of the column directly next to the heater and cooling ribs compared to that of a section of
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(a) Measured temperature gradient profile when
one heater is set to 175 °C and the other to 190 °C

(b) Measured temperature gradient profile when
one heater is set to 190 °C and the other to 145 °C

(c) Measured temperature gradient profile when
one heater is set to 190 °C and the other to 200 °C

Figure 2.21: IR measured temperature profiles of the silicon column between heaters for three
different cases. The 2nd order best fit regression line is shown and compared with the analytical
solution obtained by adjusting the convective heat transfer coefficient until it matches the measured
curve
Table 2.4: Summary of µGC column performance
Max Temperature
Max Heating Rate
Max Cooling Rate
Footprint
Column Length
Gradient profile

Design Requirement FEA Performance Measured Performance
300 °C
Infinite
353 °C
>3000 °C/min
32,000 °C/min
> 8000 °/min
>1500 °C/min
3600 °/min
> 8000 °/min
2 cm×2 cm
1.67 cm×2.03 cm
2.5 cm×2.5 cm
>20 cm
23.14 cm
23.14 cm
+/-2% from linear
+/-4% from linear
+/-7.3% from linear
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the column directly between two heaters was always observed to be less than about 0.1 second for
both heating and cooling, leading to the belief that this difference will not affect peak separation.
There was not observed to be any significant differences in heating and cooling rates across the
cross section of the column.
It was desired to be able to create nearly linear temperature gradient profiles because this
would mean that nearly any temperature profile could be created using the multiple points of temperature control. In reality, there is always going to be cooling due to convection and radiation
acting on the column, causing the ‘dips’ in the profile observed in Figure 2.21. This is an inevitable result of placing the heaters far enough apart for them to be essentially decoupled from
each other, allowing each heater to control its temperature basically independently. This decoupling is a desired feature, as it greatly simplifies the control problem discussed in the next chapter.
As a result it is necessary to accept that a perfectly linear gradient profile between heaters is not
achievable with the given design. However, it is believed that so long as the heaters can create
an overall trend in the gradient along the length of the entire column that this will be sufficient to
achieve good peak focusing. This is supported by experiments performed by other groups [10,11].
Overall the final design outperforms the design requirements in every category except for
the linearity of the temperature profile between heaters. Given the thermal properties caused by
the extremely low thermal masses and high number of temperature control points, this design is
expected to allow for excellent peak separation and resolution when applied to TGGC.
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CHAPTER 3.
TEMPERATURE SENSING AND GRADIENT CONTROL OF MICROGAS CHROMATOGRAPHY COLUMNS

3.1

Introduction
This chapter details the design and implementation of a multi-channel feedback controller

for controlling an arbitrary number of thin film heaters. The control scheme will be used in future
work involving micro-scale thermal gradient gas chromatography.

3.1.1

Heaters and thermal gradient gas chromatography
As discussed in Chapter 1, thermal gradient gas chromatography (TGGC) offers a solution

to the problems inherent in miniaturizing the size of a GC column. A silicon column with the
necessary thermal characteristics was designed, fabricated, and tested following the procedures
outlined in Chapter 2. An integral part of successful peak separation using TGGC is the ability to
precisely and rapidly control and adjust temperature gradients along the length of the GC column.
In order to do this, nickel thin-film heaters were fabricated on top of the silicon columns using
e-beam deposition, as seen in Figures 3.1 and 3.2.
The heaters were fabricated at each bend in the µGC column, giving 21 unique points of
temperature control and providing unprecedented ability to command different temperature gradients during the course of gas separation in the column. The resistance of each heater was also
measured and used to calculated the temperature of the column at its location, allowing for the
implementation of highly accurate feedback control.

3.1.2

Previous work on MEMS thin film heaters and controllers
Metal thin films have been used in a huge variety of MEMS applications over the years.

They have found use as sensors and heaters, as in the design presented here, as well as in many

38

(b) SEM image of a portion of the etched silicon
column

(a) Top-down diagram of the suspended
column after fabrication

Figure 3.1: Silicon µGC column design

Figure 3.2: Visualization of the heater on the etched column once all fabrication steps are complete.
Red indicates nickel, black indicates silicon, and white represents negative space. The nickel will
span the length of the silicon support bridge and lie on top of the column at each U-bend. The
large nickel pads outside of the column itself are for wire-bonding
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other processes. Microheaters are resistive heaters, capable of reaching temperatures of 300 400 °C due to Joule heating. They have the benefit of using minimal power, and have extremely
low thermal masses and enhanced thermal isolation from surroundings [23]. During this design
process, a thorough study of previous work done in this field dealing with fabrication and testing
such devices was performed, and the previously achieved results laid a foundation for the results
presented in this paper. Chu et. al. [17] demonstrated high thermal and spatial resolution using
Au/Ni thin film thermocouple sensors with a chromium adhesion layer. Afroz et. al. [18] tested
the stresses that form during the electron beam (e-beam) evaporation process when using different
adhesion layers with a nickel film. Tseng et. al. [24] performed scratch tests on nickel thin films in
order to demonstrate its durability. The lift-off process used in this paper was inspired in large part
by the process demonstrated by Shang et.al [25]. Design decisions regarding the footprint of the
heaters to achieve desired power outputs and sensing resolution were inspired by the work done
by Lee et. al. [26], Mailly et. al. [27], and Resnik et.al [28]. Yeom et. al [29] presented a heater
design for an integrated MEMS gas preconcentrator for use in µGC columns and demonstrated
how they can be optimized to maximize heating and cooling rates due to low thermal masses.

3.2
3.2.1

Methods
Heater design
Traditionally, a four-wire system is used for measuring heater resistance, and by extension

temperatures, such as in the system developed by Phatthanakun et.al [30]. However, space was
an extremely limited resource in this design, and so the decision was made to implement a twowire measurement system. The primary drawback to using a two-wire system is that it becomes
impossible to separate the resistance of the leads from the resistance of the heater itself, which will
cause some potential error in the measurement, particularly since the temperature of the leads will
not necessarily be the same as the temperature of the heater wire itself. However it was necessary
to forgo the added accuracy in order to conform to the available footprint.
The heater was designed with a serpentine pattern as seen in Figure 3.3. This design allows
for a high resistance for the available space and therefore maximizes the amount of power dissi-
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pated across the heater rather than the leads. Table 3.1 summarizes the design parameters of the
serpentine heater design.

Figure 3.3: Diagram of heater on top of etched column. This design is made of 14 serpentine
lengths, spaced 10 µm, taking up a footprint of 135 µm × 135 µm

The heaters were fabricated using an e-beam deposition followed by a lift-off process. An
image of the heater after the lift-off process is shown for reference in Figure 3.4. This process is
more fully detailed in Chapter 2.

3.2.2

Control system design and analytical modeling
A simplified, lumped mass conduction and convection only model of the heat transfer char-

acteristics of the µGC column was created in MATLAB and SIMULINK. This was done in order
Table 3.1: Parameters of the thin film wire design
Portion of wire
Deposition thickness Length
Width Power Produced
Serpentines
70 nm
2025 µm 5 µm
0.685 W
Connections to pads
70 nm
1510 µm 30 µm
0.17 W
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Figure 3.4: Picture of nickel thin-film heater after lift-off process

to develop and test a controller in simulation before the fabrication process was ready so that it
could be shown that the predicted results met the design requirements. A cascading thermal circuit
design was implemented, as shown in Figure 3.5, where Q1 , Q2 ,..., Q21 represent the input heat
flow into the system from the heaters, and T1 , T2 ,..., T21 represent the temperature of each heater.
Tg represents the temperature of a theoretically infinite heat sink and T∞ represents the temperature
of the ambient air. The definition of the parameters in the thermal circuit comes from Bergman et.
al. [13], wherein resistance and capacitance are defined as
L
kA
1
Rconv =
hA

Rcond =

C = mc p

(3.1)
(3.2)
(3.3)

Where L is the length of the resistive element, k is thermal conductivity, h is the convective heat
transfer coefficient, A is the cross section, m is mass, and c p is specific heat.
The state-space model is composed of 42 states, 21 temperature states for the nickel thinfilm heaters, where temperature is physically measured, stored at the heater capacitor Ch , 20 temperature states representing the silicon column, stored at the column capacitor, Cc , and the temperature of the heat sink, which is assumed to be constant. In order to keep things simpler, the
temperature of the ambient air was assumed to be the same as the heat sink, and so T∞ is not a state.
The rank of the controllability matrix is only 21, as is the observability matrix. This is as expected,
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Figure 3.5: Diagram of the cascading thermal circuit design used to design the temperature controller. Rc and Rb are the resistances of the silicon column between heaters and the silicon bridge
connecting the column to the heat sink, respectively, and Cc and Ch are the heat capacities of the
silicon column between two heaters and a heater, respectively. Rconv represents the resistance to
convective cooling

since control and sensing will only occur at the 21 thin film heaters. However, in this case full state
control is not necessary, and only output controllability is required. As specified by Ogata [31], the
m × (n + 1)r sized output controllability matrix is defined as R = [CB,CAB,CA2 B, ...,CAn−1 B, B],
where m is the number of outputs, n is the number of states and r equals the number of inputs.
When computed, this matrix has a full rank equal to m, and is therefore output controllable. Although the temperature at each point of the GC column is not fully controllable, the temperatures
at the locations of each heater are, which allows indirect control of the thermal gradients.
It was decided that the system appeared to be sufficiently decoupled as to be able to treat
each heater as its own single-input, single-output (SISO) control problem, where the input is heater
power and the output is heater temperature. In reality, the temperature at each heater is also a
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function of the power input and temperature at the upstream and downstream heaters, but it was
assumed that those inputs could be treated as input disturbances on the system. With this assumption, the open-loop transfer function for a single heater becomes
1
4
b1 s + b0
Ch s + RcCcCh


=
P(s) = 2
4
s + a1 s + a0 s2 − 4 + Rb +Rc s +
RcCc
Ch Rb Rc
CcCh Rb Rc

(3.4)

Refer to Figure 3.5 for the definition of the terms in this equation.
A proportional-integral (PI) controller was used on this system, as diagrammed in Figure 3.6. Note that the proportional gain is connected to the output instead of the error. This is done
to prevent adding a zero to the numerator of the closed-loop transfer function:
(kI b1 )s + kI b0
T
= 3
Tc s + (a1 + kP b1 )s2 + (a0 + kI b1 + kP b0 )s + kI b0

(3.5)

Figure 3.6: Diagram of the feedback controller. The proportional gain is connected to the output
instead of the error in order to prevent adding a zero to the numerator of the closed-loop transfer
function

It can be shown simply that this control scheme is of system type 1 with respect to inputs
and input disturbances, or in other words, will have zero steady-state error for both step input
commands and step disturbances. Assuming a controller and plant with a disturbance, as shown in
Figure 3.7, the error term in the Laplace domain, E(s), can be written as a function of the input,
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T c (s), and the input disturbance, Din (s), as follows:
E(s) =

s(1 + P(s)kP )
s(P(s))
T c (s) +
Din (s)
s(1 + kP P(s)) + kI P(s)
s(1 + kP P(s)) + kI P(s)

(3.6)

When T c (s) and Din (s) are unit step inputs, and the final value theorem is applied to Equation (3.6), both error terms go to zero. This shows that treating the heaters along the micro-column
as separate SISO control problems whose influence on each other can be lumped with input disturbances is a valid approach.

Figure 3.7: PI controller block diagram demonstrating how an input disturbance will affect the
system

3.2.3

Physical implementation of control system in hardware and software
A controller and sensing unit was assembled in-house to allow for a high level of precision

both in control and measurements. A simplified layout is presented in Figure 3.8. This arrangement was designed to maximize the measurement resolution as well as to maximize the range and
resolution of the power input to the heaters. The user interfaces with an Arduino Uno microcontroller (µC) via a serial port. The µC uses the SPI protocol to communicate with a TLC59711
PWM LED driver, a 16-bit, 12-channel driver, in order to command individual channels to be set
to prescribed duty cycles. Each PWM driver output connects to a +5 V line coming from the µC
via a pull up resistor and also connects to the input of a L293D Quadruple Half H Bridge driver,
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a 4 channel voltage driver capable of outputting up to 36 V and 1 A. Each output from the Half H
connects to a thin film heater, the output current causes Joule heating (P = I 2 R), and as the heater’s
temperature changes, its resistance will as well. Each heater forms a voltage divider, together with
a known resistor which is coupled with a capacitor for the purposes of signal smoothing. The voltage across the known resistor is then converted to a digital signal in the Arduino’s analog-to-digital
converter (ADC). A multiplexer is used to switch between which signal the Arduino is reading at
any given time, since there are 21 heaters that must be measured and the Arduino has only 6 ADCs.
An exponential filter is used in software to further smooth the signal.

Figure 3.8: Diagram of the heater control and sensing circuit design

The relationships between signal and voltage for the ADC and Half H were experimentally
determined and are shown in Figure 3.9. Performing a regression fit of the data resulted in the
linear relationships
vADC = 0.004967y + 0.001165
vHBridge = −0.00052869Hset + 34.27866
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(3.7)
(3.8)

Where y is the discrete, digitized signal measured by the ADC, ranging from 0-1023, and Hset is
the value of the 16-bit integer used to set the PWM duty cycle, ranging from 65535 at low power
to 0 at full power.

(a) Measured values of the analog signal converted to a voltage

(b) Measured values of the H-Bridge output voltage for the full range of discrete digital inputs

Figure 3.9: Measured signal-to-voltage relationships of the Arduino Uno and Half H Driver

Having calculated the voltages at every other part of the voltage divider in Figure 3.8,
calculating the voltage across the heater is simply
vheater = vHBridge − vADC

(3.9)

Rearranging the common voltage divider equation to solve for the resistance of the heater yields
Rheater =

R230Ω vheater
− R230Ω
vADC

(3.10)

Figure 3.10 shows the circuit diagrammed in Figure 3.8 fully wired and connected to four heaters.
Since resistance is a function of temperature, this resistance can be used to calculate temperature
once the heater is calibrated.
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Figure 3.10: The physical circuit when fully wired. The chip at the bottom of the figure contains
the etched silicon column with the thin-film heaters wire-bonded to the chip carrier and placed in
a custom made PCB

3.2.4

Sensing temperature
In order to exert control of the temperature gradients, a reliable method for relating resis-

tance to temperature needed to be derived. This method involves calculating the resistance of the
thin film heater which has a direct relationship to its temperature. The thin films heaters have a
thickness of approximately 60 nm, while nickel has an electron mean free path of about λ = 5.87
nm at room temperature [32]. At size scales near the order of the electron mean free path of the
material, material properties such as resistivity and temperature coefficient of resistivity (TCR)
begin to vary from bulk material properties [33] [34] [35] [36]. Methods for relating thin-film
resistivity, ρ f , to bulk resistivity, ρb were developed by Mayadas-Shatzkes (MS) [37] and FuchsSondheimer (FS) [38], whose models predict an increase in resistivity due to electron scattering at
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grain boundaries and scattering at external surfaces, respectively. The approximate form of both
models predict an additive resisitivity contribution which is proportional to ρb × λd [32], where
d is the dimension of interest, in this case the thickness of the metal film. De Vries et. al. [39]
demonstrated that in the case of nickel thin film, electron scattering at the grain boundaries dominates over scattering at external surfaces, and so the MS model by itself is adequate for predicting
resistivity. This simplifies the correlation between bulk resistivity and thin film resistivity over
the temperature range used here, since De Vries notes that the MS theory predicts no temperature
dependence between ρb and ρ f , only thickness dependency.
A brief overview of the results demonstrated by the grain boundary scattering MS model is
as follows:
ρb (T )
f (α)


1
3
2
3
f (α) = 1 − α + 3α − 3α ln 1 +
2
α
λb R
α=
D 1−R

ρ f (T ) =

(3.11)
(3.12)
(3.13)

where (ρλ )b is a material constant (for nickel this value is reported as 4.07e-16 Ωm2 [32]) and D is
the average grain diameter. Therefore if ρb is known, the electron free mean path can be calculated
by λb =

(ρλ )b
ρb .

De Vries uses a linearized version of the scattering function f (α)
1
= 1.39α + 1
f (α)

(3.14)

Using this linearized version of f (α) simplifies the relationship between thin film and bulk resistivity to
ρ f d = ρb d +C
C = 1.39

R
d
(ρλ )b .
1−R
D

(3.15)
(3.16)

This assumption is accurate for a large range of α. Experimental tests involving ‘as-deposited’
nickel (no annealing) show that C = 0.713 f Ωm2 at 295 K, the ratio D/d = 0.1984, and therefore
the reflection coefficient can be calculated to be approximately R = 0.19 [33].
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Typically resistive temperature measurements use the TCR to correlate temperature to resistance. However, the TCR assumes a linear temperature-resistance profile, given by
TCR =

∆ρ 1
∆R 1
=
R ∆T
ρ ∆T

(3.17)

This relationship is valid over small temperature ranges, and a linear profile is extremely
useful and easy to use in sensing applications [40, 41]. However, over a large temperature range
such as the one used here, the assumption of a linear profile no longer holds true, and a more exact
method is needed to get the proper relationship between temperature and resistance [30, 42, 43].
Bel’skaya and Pelestskii [44] performed an exhaustive study to gather electrical resistivity data for
nickel over the range of 100-1700 K. Their findings led to the following third-order relationship
ρ − ρ273
= 0.03027 − 0.313 × 10−7 T + 0.825 × 10−7 T 2
T − 273

(3.18)

where T is in Kelvin, ρ is in units of µΩ-cm, and ρ273 is the resistivity of nickel at 273 K. Using
Equation (3.18) together with the MS model gave a good analytical prediction of the T-R curves
for the heaters. These results are compared with data taken from temperature tests and a new
two-point calibration method in Figure 3.12.
In order to test the validity of the Bel’skaya and MS models, fabricated heaters were calibrated in an oven whose temperature was measured precisely with calibrated thermocouples. The
oven was ramped up from 50 °C to 300 °C by increments of 50 degrees, given 30 minutes to settle
to steady-state, and then the resistance of the heaters were measured using an Ohmmeter. In all,
this process was repeated 25 times in repeated trials on a variety of heaters to test for repeatability.
Figure 3.11 shows the temperature-resistance (T-R) curves taken from two different heaters,
each tested three times. 5 other heaters were also tested and each demonstrated a similar, apparently
quadratic, relationship for the temperature range tested. Second-order regression curve fits of the
experimental data gave R2 values of approximately 0.999.
The MS model coupled with Equation (3.18) indicates that the entirety of the T-R curve
for the given temperature range can be analytically solved if the thickness of the nickel thin film
is accurately known. Alternatively, the results from fitting a second order line to the data seems
to indicate that with only 3 accurately measured resistances at 3 distinct temperatures, a highly
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(a) Heater 1 resitsance-temperature calibration results for repeated trials

(b) Heater 3 resistance-temperature calibration results for repeated trials

Figure 3.11: Sample results from repeated trials measuring the resistance of thin-film heaters from
50 to 300 °C

accurate approximation of the T-R curve can be formed. During the course of performing these
experiments, yet another mathematical method for calibrating the heaters was also explored and
used as a way to reduce the time and equipment required for calibration for cases when heater
thickness is not known and cannot be measured. This method involves taking many fully calibrated
2
heaters and creating a relationship of the form Rheater = aTheater
+ bTheater + c. It is then assumed

that there exists some 2 × 1 vectors ma , mb , and mc that correlate two measurements, arbitrarily
chosen to be the measured resistance at 17 and 59 °C, to the quadratic coefficients a, b, and c. The
formulation for the quadratic coefficient is
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(3.19)



 0.00001823 
Using a set of 12 well calibrated measurements it was found that ma =
,
−0.00000802




−0.0413
 1.3070 
mb =
, and mc =
. These values could then be used to find the quadratic
 0.0375 
−0.2918
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fit for any nickel thin film heater, according to the following equations
a = ma1 R17 + ma2 R59

(3.20)

b = mb1 R17 + mb2 R59

(3.21)

c = mc1 R17 + mc2 R59

(3.22)

The underlying assumption in this method is that all nickel thin films have a roughly similar temperature-resistance relationship and that it is scaled due to differences in thickness, which
differences are taken into account by the measurement of R17 and R59 . Figure 3.12 demonstrates
the effectiveness of this method on two heaters that were not used in the calculation of the m terms
(called heater 5 and 6) by comparing it against the measured heater data and the analytical R-T
curve. The error between the true curve fit and the curve estimated by this method never diverge
by more than 5 °C, a value lower than the error that will be shown to exist in the sensing equipment
as set up currently, and at most points they agree to within 1 degree.

(a) Heater 5 experimental, estimated, and analytical temperature-resistance relationship

(b) Heater 6 experimental, estimated, and analytical temperature-resistance relationship

Figure 3.12: Comparison of calibrated heaters using 6 points to achieve a second order fit, 2 points
plus parameters ma , mb , and mc to achieve a second order fit, and the analytical solution using the
MS model and Bel’skaya’s results

The calibration was performed using resistance as a function of temperature, but during device performance the opposite is required, temperature as a function of resistance. This conversion
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is done by completing the square, giving
√
Rheater − f − e
Theater =
d
√
d= a

(3.23)
(3.24)

b
2d

(3.25)

f = c − e2

(3.26)

e=

For the experiments described below, the heaters were calibrated using this ’two-point’
system, however it is anticipated that the MS plus Bel’skaya model will simplify future calibrations
by reducing the number of necessary measurements to one.

3.2.5

Experimental set-up
With suitable circuitry developed for powering the heaters and measuring temperature, the

etched suspended silicon column with thin-film heaters was mounted on two 3 mm pads of copper
and then wire bonded to a chip carrier and connected to the circuitry. The pads of copper act to
suspend the column in the air, thermally isolating it from the chip carrier, and also act as a heat
sink. In an effort to simplify the problem, this paper focuses on achieving good control of four
heaters, with the assumption that afterwards extending control to all 21 heaters on the column will
be straightforward. Four successive heaters on the column were selected for these tests, as shown
in Figure 3.13.
A FLIR SC6000 Hi-Speed camera was used as a way to verify the accuracy of the temperatures being calculated by the sensing circuitry. This camera measures IR wavelengths in the
range of 3-5 µm. In order to calibrate the camera, the emissivity of the etched silicon wafer was
needed. Silicon is transmissive in IR, and its emissivity is highly temperature dependent [45]. The
process of etching the silicon during the DRIE process caused visible and uneven surface roughness that also affected the emissivity of the silicon. A rough estimate of the silicon emissivity
was obtained by covering part of the column in a black matte paint with a known emissivity of
0.98. The temperature of the column at points immediately next to and within the painted region
were then measured using the FLIR camera while powering the heaters to approximately 100 °C
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Figure 3.13: Top-down diagram of the suspended column with the location of the heaters used in
this study marked by circles

in order to make the temperature difference more pronounced. Knowing the temperature at the
two points should be approximately the same, it was possible to back out the emissivity of the
silicon, which was found to be about 0.88 at 100 °C. This seemed to be higher than most reported
emissivities for silicon at this temperature, but it is possible factors such as the fact that the surface
of a wafer is relatively smooth and reflective may have caused the higher value to be measured.
Regardless, getting an exact camera calibration was not necessary, and this value was used with the
FLIR camera during the ensuing tests. However, it should be noted that this emissivity calibration
was far from thorough and because the emissivity is so temperature dependent there is very little
confidence in the absolute temperature readings given by the IR camera. The primary purpose of
using the FLIR camera is to obtain information about the time response of the controller and to
ascertain the relative amount of change in temperature. As such the absolute temperatures given
by the camera will be biased in the results for easier interpretation of the data.
To help reduce potentially errant IR measurements of the gold-plated chip carrier underneath the column, a piece of diffuse white paper was placed underneath the suspended channel.
Figure 3.14 shows the physical setup of the equipment, complete with the IR camera and circuitry.
The thin-film heaters were too small to appear in the camera image and so the average reported
temperature of a 3×3 pixel area of silicon directly surrounding the heater was used in lieu of the
actual temperature of the heaters. During the experiments the user used the Serial Monitor in the
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Arduino environment to receive information about the state of the heaters. Information about the
temperature of the heater and the current input power were printed to the Serial Monitor approximately every 0.03 seconds.

Figure 3.14: Experiment setup using a FLIR SC6000 Hi Speed camera to measure temperature

3.3
3.3.1

Results
Simulated system control: step inputs and disturbance rejection
The analytical lumped mass model and controller were created and run using Simulink.

The controller gains kI and kP were chosen to be 0.03 and 0.0001. In part because the response of
the thin-film heater is very fast, as will be shown, an integral-only controller proved to be sufficient
for control. The inclusion of a relatively small proportional gain was found to help dampen the
response and reduce overshoot. The integral and proportional gains can be increased in simulation
for a slightly faster response, however in reality the sampling rate of the ADC is limited and
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the Arduino Uno has limited computational power, and so the stated gain values proved to be
near the maximum allowable to avoid instability in the physical controller. In the course of the
simulation, each of the 21 heaters was commanded to different temperatures at varying times in
order to show the step response as well as the controller’s ability to reject disturbances. The heater
power was made to saturate at 0.7W in order to imitate the power available to the physical system.
Figure 3.15a demonstrates the difference between the response time of the thin-film heater and
silicon column. The model of the silicon column consisted of a lumped mass placed directly
between the two neighboring heaters. The thin-film heater had a maximum observed overshoot of
3.8% and a maximum observed rise time of 0.325 seconds. The silicon column has a predicted rise
time of about 0.793 seconds and no overshoot. If the power saturates then the response time will
obviously increase. Because the heater has a much faster response than the silicon, the column can
essentially be viewed from a heat transfer perspective as a fin with constant temperature boundaries
and constant convection along the length. The maximum heater temperature attainable using a
36 V source voltage and assuming a constant temperature heat sink at 30 °C was found to be
approximately 353 degrees. As shown in Figure 3.15b, the controller is able to respond quickly to
large temperature changes elsewhere in the system and return to the commanded temperature.

(a) 30 to 200 °C step change response of a simulated heater. Note that the silicon column around
the heater has a significantly slower response time
than the nickel thin film

(b) Single heater with multiple step inputs. The
temperature of the two heaters nearest to the primary heater are presented in order to show the
controller’s ability to reject input disturbances

Figure 3.15: Simulated heater response to step change inputs
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3.3.2

Physical system control: accuracy
The IR camera was used in an attempt to verify the response of the resistive heaters. Screen-

shots of the IR output when the four heaters are set to different temperatures can be seen in Figure 3.16. As has been noted before, the IR camera was not calibrated to give the absolute temperature of the silicon, and the emissivity was only experimentally obtained at 100 °C while the
silicon transmissivity was not considered. As such the IR camera was not used to measure absolute temperature but its results were used to verify the time response of the controller and relative
magnitude of step changes. Considering this, it is still encouraging to see that the temperatures
calculated by the resistance method and the temperatures measured by the IR camera are close to
each other and both methods measure changes in temperature proportionally. The comparison of
the resistance and IR temperature measurements is summarized in Table 3.2.
Table 3.2: Comparison of IR and resistance temperature measurements.
Temperature is in units of °C
Heater Temperature (Resistance method) Temperature (IR Camera)
100
118.14
1
200
198.34
300
278.54
100
102.34
2
200
181.71
300
261.22
100
110.91
3
200
193.29
300
275.67
100
107.49
4
200
186.72
300
265.94

It may be noted that in these measurements, as well as in results shown below, the IR camera
consistently measures temperature changes about 80% of what the resistance method measures.
This is almost certainly due to aforementioned issues with the calibrating the camera to measure
silicon as well as the difficulty of taking IR measurements when the structure in question is only a
few pixels wide in the camera image. Since the absolute temperature is not precisely known, in the
rest of the figures presented herein the IR data will be biased so that the data is easier to interpret.
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(a) Set Temperature = 100 °C

(b) Set Temperature = 200 °C

(c) Set Temperature = 300 °C

Figure 3.16: Screenshots of IR camera output when all four heaters are set to the same temperature.
When this is the case, a roughly parabolic temperature gradient profile was observed between
heaters

There is some possible error in the resistance measurement due to the limited resolution of
the ADC. The ADC measures a voltage between 0-5 V and must convert that voltage to an integer
value between 0 and 1023. This means it has an effective resolution of 4.88 mV. Because the
resistance of the heater is calculated according to Equations (3.9)and (3.10), even small errors in the
measured voltage vADC can cause relatively large errors in the resistance and therefore temperature
calculations. Figure 3.17 shows the error in temperature estimation that can occur if vADC is off
even 5 mV. Because vADC is in the denominator of Equation (3.10), when the voltage is very small
at low temperature, small errors can have very significant and unwanted effects. The non-linear
relationship between temperature and resistance also helps reduce error at higher temperatures.
Table 3.3 summarizes the results in Figure 3.17. Because the source voltage is being assumed based
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on the issued command Hset but not measured, it is possible there is some error in temperature
measurements due to a discrepancy between actual and assumed source voltage, but the effect
would be small compared to an error in the voltage measured by the ADC. However it should be
noted that the H-Bridge voltage as a function of Hset is linear everywhere except at the extreme
ends, as can be seen in Figure 3.9. Thus it is recommended to saturate Hset so that the H-Bridge
never operates at the extreme ends of its operation.

Figure 3.17: The maximum theoretical error in temperature measurement due to the limited 5mV
resolution of the ADC. It is given as a function of the calculated voltage across the 230Ω resistor
in the voltage divider to show how the effect becomes less severe at higher voltages

Table 3.3: Summary of potential temperature error caused by a 5 mV error in voltage measurements. Temperatures are in units of °C
Potential Error 15.65 5.60 2.82
vADC
0.103 0.297 0.597
Approx. Temp. 45.0 86.2 106.0
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1.56
0.89 0.57 0.44
1.104 1.953 2.962 3.578
139.8 186.2 234.7 261.7

0.37 0.30
4.025 4.496
280.2 300.1

3.3.3

Physical system control: precision
To test the ability of the controller to achieve precise results each heater was repeatedly

given step input commands to switch between 150 °C and 200 °C while the other three heaters
were held at 100 °C. Results from these tests can be seen in Figure 3.18a. In every case, the
heaters demonstrated excellent precision, being able to continually return to the same temperature
to within less than 1 °C, according to both the IR and resistance measurements. The resistance and
IR measurements give an average rise time of 0.387 and 0.609 seconds, respectively, where rise
time is defined as the time taken by the signal to change from 10% to 90% the total step height.
This average rise time apply to both heating and cooling responses. Both sets of measurements
also showed an overshoot of around 4%. Since the IR camera is really capturing information
about the silicon surrounding the heater, it makes sense that the rise time reported is closer to the
simulated silicon response. The measured rise time and overshoot match up extremely closely to
the predicted values presented in the previous section. Figure 3.18b zooms in on the plot to better
show the noise in both sets of measurements. The noise stays below +/- 1 °C. In part the noise is
caused because temperature is measured using the discrete Hset value to estimate the source voltage
coming from the Half H. Because the Hset value is a 16-bit integer and therefore must be a discrete
value, the response is likewise slightly discontinuous.
The values reported by the µC and IR camera are presented in Figure 3.19 for a similar test
as described above.

3.3.4

Physical system control: disturbance rejection
Despite the control system being comprised of 21 inputs and outputs, the outputs are as-

sumed to be coupled lightly enough as to be able to consider any effects they have on each other as
input disturbances. As seen previously in Figure 3.15b, the simulated controller had no steady-state
error due to step changes in the commanded temperature or step disturbances. This assumption
was also tested on the physical heaters. Figures 3.20 and 3.21 show the results from measuring one
heater’s ability to respond to all the other heaters changing temperature to various values between
150 and 300 °C. Figures 3.20a and 3.21a show the agreement between IR measurements resistancederived temperature. Figures 3.20b and 3.21b display the temperatures of the other three heaters
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(a) Temperature measurements taken from the IR
camera and resistance method

(b) Zoomed in plot of one of the peaks to better
show signal noise

Figure 3.18: Results from repeatedly commanding a heater between 150 °C and 200 °C, while the
remaining 3 heaters are held at 100 °C. IR measurements have been biased so that both sets of data
match up at 150 °C

in order to demonstrate how the power supplied to the heater changes to maintain the heater at the
commanded temperature.
The response time to step disturbances are on the same order as the response time to step
changes to the commanded temperature. The results of this test show that the heaters are able
to quickly and reliably respond to temperature disturbances caused by other heaters, so long as
adequate power is available.
It is worth noting that the heaters are able to be treated as their own SISO systems because
they are far enough apart and there exists high enough cooling rates so as to be able to decouple
them. This same attribute is also responsible for the dip in temperature observed along the column
length between heaters. This is the trade-off that must take place with this design, decoupled
temperature control points at the cost of not being able to make the gradient profiles as linear as
desired.

3.4

Conclusions
Precise temperature control is an indispensable element of successful peak separation in

µTGGC. The design, fabrication, modeling, and testing of an array of nickel thin-film heaters for
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Figure 3.19: Comparison of IR measured temperature, calculated temperature, and input power.
The heater was commanded to temperatures between 100 and 200 °C by step sizes of 25 °C. Both
sets of data show that the temperature overshoots some when the temperature is increasing, but
only the IR data reports a significant overshoot when the temperature is decreasing. The IR data
has been biased so that both measurements overlap at 100 °C

use in such temperature control was presented. The design and performance of hardware constructed for accurately providing power and measuring heater resistance was also shown. A model
for accurately calculating heater temperature from nickel resistance was developed using a combination of the Mayadas-Shatzkes model and resistivity to temperature relationships obtained by
Bel’skaya. This model in conjunction with the hardware developed was used to create a PI controller capable of precisely controlling heater temperature, displaying a characteristic rise time
of approximately 0.3 seconds with less than 4% overshoot. This controller proved to have zero
steady-state error and showed excellent disturbance rejection. Simulations did show that the controller gains can be further increased for even faster responses, however the Arduino Uno used
to control the heaters does not have a fast enough clock rate nor computational power to further
increase the gains without experiencing an oscillatory ‘ringing’ response. This problem will only
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(a) Comparison of IR and resistance measurements of temperature

(b) Visualization of the heater power compensating for changes to the other heaters. Note how
whenever another heater changes temperature the
power to the heater changes accordingly to keep
the heater at the commanded temperature

Figure 3.20: Results from testing heater 3 for disturbance rejection capability

(a) Comparison of IR and resistance measurements of temperature

(b) Visualization of the heater power compensating for changes to the other heaters. Note how
whenever another heater changes temperature the
power to the heater changes accordingly to keep
the heater at the commanded temperature

Figure 3.21: Results from testing heater 4 for disturbance rejection capability
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become more pronounced as the number of heaters to control increases from 4 to the expected 21.
In further work a µC with more computational power and a faster ADC sampling rate is recommended. The heater was precise to within 1 °C, with signal noise also beneath 1 °C. Due to the
method used to calculate heater resistance, at very low power the temperature measurements are
prone to significantly more error than at higher power, although there was no actual evidence in the
tests of any significant error above approximately 1 °C. Using a 36 V power supply it was possible
to achieve heater temperatures exceeding 300 °C.
Considering the above results, this heater and controller design appears to satisfy all the
necessary requirements to supplement the micro-column TGGC design already presented.
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CHAPTER 4.

4.1

CONCLUSION

Summary of contributions
This work has resulted in the development of a µTGGC column which provides exceptional

dynamic temperature control and which consumes minimal power while occupying a very small
footprint. The column was designed and optimized by leveraging a series of FEA simulations
that helped to answer important design questions. A multi-step cleanroom fabrication process was
developed and used to create sets of test columns used for verifying the results of the simulations.
The test sample was connected to a feedback controller and run through a series of tests, during
which the heating and cooling rates were observed using an IR camera. The FEA models and
actual physical test sample displayed reasonable agreement. Results from tests of the column
displayed heating and cooling rates in excess of 8000 °C/min, far exceeding the rates which were
shown by other groups to be sufficient for selective peak separation, dynamic gradient control,
and analyte sweeping [1, 11]. The actual temperature profile between heaters had a maximum
observed deviation from a perfectly linear profile of 18.2 °C, more than what was initially desired.
This deviation was shown to be caused primarily by natural convection with the surrounding air
and by radiation with the environment. It remains to be seen whether this deviation will prove to be
detrimental to the resolution of GC column, however it is believed that as long as the temperature
gradient profile along the entire column length can be controlled these local deviations will not be
a problem. The FEA model was used to study spatial effects on heating and cooling rates. It was
shown that the farther from the heaters and cooling ribs, the slower the heating and cooling rates,
although the maximum difference in the time constants were less than 0.1 seconds, small enough
to lend confidence that this spatial effect won’t negatively affect peak resolution. There was no real
significant difference in heating and cooling rates across the cross section of the column save for in
the area immediately around the heater during rapid heating (see Figure 2.11a), but even then the
difference is slight. The footprint of the fully etched column is approximately 2.5 cm × 2.5 cm,
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slightly larger than desired, but still exceptionally small, and the column length is approximately
23.14 cm. The maximum observed temperature of the column when the thin-film heaters were at
full power was approximately 350 °C.
An array of thin-film heaters was designed and tested for use in temperature sensing and
control. Nickel was chosen as the metal for the heaters due to its high thermal coefficient of
resistivity, low resistivity, and ease of deposition. Hardware was developed to allow the temperature of the thin film heaters to be calculated by measuring their resistance. This required the
relationship between thin-film resistance and temperature to be well understood. Tests were performed on nickel thin-film in order to characterize the temperature dependence of nickel at that
size scale. The results from these tests were compared to the Mayadas-Shatzkes model, which
takes into account changes to resistivity due to electron scattering at grain boundaries when the
primary dimensions are on the order of the electron mean free path [37], and Bel’skaya’s model,
which presents an analytical equation for nickel resistivity as a function of temperature for the
temperature range in question [44]. Excellent agreement was found between these tests and the
models, which means that high quality resistance to temperature calibrations can be attained by
measuring only the thickness of the thin-film heater instead of performing intensive calibrations
using a temperature controlled oven. The heaters are powered by a 36 V power supply, and at maximum power each heater can dissipate approximately 0.685 W, meaning that all 21 heaters could
collectively consume about 14.4 W maximum. However it was found that the maximum power
was rarely needed during operation, even at the high end of the expected temperature range, and
so in reality the average power usage will be much less than this.
A PI feedback controller was constructed, first in simulation on a model of the µGC column, and then in hardware and software on the partially fabricated columns. The controller was
tested and validated using four working heaters. When the controller was applied to the thin-film
heaters, a characteristic rise time of approximately 0.3 seconds with less than 4% overshoot was
observed. The heating and cooling rates of the heaters are significantly higher than that of the
surrounding silicon (see Figure 3.15a) that for modeling purposes it can essentially be treated as
a constant temperature boundary condition, as was the case in the FEA models. The controller
was precise to approximately 1 °C when tested for repeatability, and it experienced signal noise
on the order of 1 degree due to the usage of a discrete digital value to measure the voltage and by
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extension the temperature. The calculated temperature of the heater was found to be very accurate
save at extremely low voltages, where even a little bit of noise could cause massive errors in temperature calculations. This makes the measurements unreliable below about 50 °C. The controller
also demonstrated the ability to reject input disturbances, allowing the array of heaters to each be
controlled individually as separate SISO controllers. It is this same decoupling attribute that also
is partially responsible for the nonlinear temperature gradient profiles. By placing the heaters so
that they can control their own temperature independently, the distance between them is increased
to the extent that convective and radiative heat transfer become significant enough to cause the
gradient profile to ‘dip’.
The controller was operating on an Arduino Uno microcontroller, however it was observed
that if too much information was being sent back to the user across the serial port that the microcontroller ran too slowly to adequately control the heaters and a distance ‘ringing’ effect was
observed when running only four heaters. When running the full array of 21 heaters it is advisable
to use a faster microcontroller and to be sure to pass as little data as possible back to the user via
the serial port.
In all, this work presents a viable solution to the problems that have long plagued µGC
systems by applying selective peak separations made possible by dynamic temperature gradient
control.

4.2

Future Work
The results of this work are extremely promising and open up the doors to the next phase of

development. Currently, our group is researching ways of effectively connecting capillary tubing
to the column inlet and outlet. This connection must be robust enough to withstand normal usage
incident to any hand held piece of equipment. It must also have a strong enough seal with the
column to withstand blowing out under operating pressures as well as the pressures that will be
caused when the stationary phase is applied to the interior of the column.
The controller was validated using four heaters for simplicity. Now that the basic properties
of the controller are known, it can be tested while controlling all 21 heaters at once. This will
require some modifications to the current hardware, such as the addition of some multiplexers in
order to compensate for the limited number of analog-to-digital converters present on the micro67

controller. It is also likely that a micro-controller more powerful than an Arduino Uno will be
needed in order to handle the computational load at a fast enough speed to maintain control of the
heaters.
Our group has already considered how to expand on the fabrication steps used for making
the test samples to make fully featured columns. This process is presented in Appendix A. These
steps, which primarily reuse processes which have already been successfully used to fabricate the
test samples, are already being researched and tested. The wafer bonding process presented in
the appendix has been tested and found to work quite well, and future work can now focus on
characterizing the bond strength and testing how much pressure it can hold.
Suitable polymers and application methods for the stationary phase of a GC column have
been well researched, although it has yet to be determined exactly what will be the most efficient
way to apply the stationary phase to this column. This is work that will be further explored once
the capillary connections and wafer bonded column have proven to be strong enough.
There exist a variety of methods to detect and identify the individual gas peaks eluting from
the column. The most common of these is mass-spectrometry, but other very compact methods also
exist, such as thermal conductivity detection. Whatever the detection method ultimately chosen, it
must also be compact and low-power, or else there would be no purpose in creating a low-power
and compact µGC column in the first place. The design and integration of this detector is work
that must be done before the device will be ready for portable GC applications.
The two main content chapters of this thesis will be reformatted as journal articles and
submitted for publication to the Journal of Sensors and Actuators and the Journal of Microelectromechanical Systems. It is anticipated that the papers will be prepared for submission by the end
of 2018.
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APPENDIX A. PROPOSED FABRICATION STEPS FOR SUSPENDED COLUMN WITH
ETCHED COLUMN PORE SEALED VIA WAFER BONDING

This appendix mirrors Section 2.5 nearly exactly. It simply expands the fabrication process
described in that section to include the extra steps needed to fabricate a fully featured µGC column.
It primarily adds steps that result in the etching and sealing of the column pore. Figure 2.14
illustrates the column fabrication steps. The steps can be broadly summarized as follows: 1.) Etch
through-wafer alignment marks, 2.) Fabricate thin-film heaters, 3.) Etch column pore in silicon
shroud, 4.) Wafer bond, 5.) Through-wafer etch to release column and suspend in air, and 6.)
Connect capillary tubing to column inlet and outlet.
The first step is to etch through-wafer alignment marks on a double sided polished 250
micron silicon wafer. This process can be subdivided into a lithography and deep reactive ion etch
(DRIE). The lithography is done by spinning on HMDS at 3000 RPM for 10 seconds, followed
by a 60 second bake at 110 °C to promote photoresist (PR) adhesion. Three coats of AZ 3300
PR are spun on at 1000 RPM for 60 seconds followed by a brief 2 second spin at 6000 RPM.
This results in a PR layer about 10 microns thick. A 60 second ‘soft bake’ at 90 °C is followed
by a 15 second exposure using a Karl Suss aligner. The PR is then developed in MIF 300 for 40
seconds, followed by a 1 minute rinse in de-ionized (DI) water. The wafer is dried using an air
gun and then ‘hard baked’ for 60 seconds at 90 °C. Once the lithography is complete, the wafer
is taken to an STS Multiplex ICP Etch machine for DRIE. Table A.1 summarizes the recipe used
to etch the through-wafer alignment marks. The DRIE process used was derived from work done
by Wu et al. [14], Pike et al. [15], and Ayon et.al [16]. The STS is run for 50 cycles and the etch
depth is then measured in a profilometer. The etch should be approximately 50-60 µm deep. The
depth is used to calculate the number of cycles needed to etch through the entire wafer, and then
the STS is allowed to continue to run until the wafer is etched through. After the etch is complete
the remaining PR must be cleaned off. This can be done using acetone and isopropyl alcohol
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Figure A.1: Fabrication steps for released µGC columns: First through-wafer alignment marks
are etched in the silicon and an oxide layer is grown (a). Then photoresist is patterned for the
heaters (b). Nickel is deposited via electron-beam deposition (c). The wafer is washed in acetone,
removing the excess nickel (d). The wafer is flipped over, aligned, and patterned with PR (e). The
column pore is etched (f). The wafer is bonded with another silicon wafer, sealing the channel (g).
The wafer is patterned with SU8 to prepare for the final etching step (h). A final through-wafer etch
occurs in order to release the column and leave it suspended in air, supported only by support ribs
connecting it to a cooled silicon frame (i). The final column is 500 microns tall, 200 microns wide,
and has a channel pore running along the length that has a cross section of 100 by 100 microns
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(IPA) followed by a descum in O2 plasma.The alignment marks are vital because features will be
micro-machined on both sides of the wafer and must align properly.
Table A.1: Etch recipe used for DRIE through-wafer etches. The
etch results in approximately a 3 degree undercut. Reducing
the platten power and adjusting the deposition time will slow
down the etch and result in a more vertical profile.
C4 F8
SF6
O2
Coil
Platen
Time
Pressure

Etch
5 sccm
130 sccm
13 sccm
500 W
50 W
14 sec
31 mTorr

Deposition
85 sccm
0 sccm
0 sccm
500 W
0W
15 sec
20 mTorr

The next step is to fabricate thin-film metal heaters on the wafer. A layer of electrical
insulation is needed before the heaters are made on the silicon. 200 nm of thermally grown wet
oxide was determined to be sufficient at the running voltage. The oxide is grown using a Bruce
Tube Furnace. Running wet O2 at 1100 °C for 135 minutes resulted in an oxide layer approximately 1 micron thick, more than thick enough to prevent the running voltage from exceeding the
break-down voltage of the insulating layer. Lithography is again done on the wafer following a
similar process as for the alignment marks. However this time only one layer of AZ 3300 is spun
on, and the spin rate used is 5000 RPM with no 2 second spin at an increased speed. This should
result in a PR thickness of about 2 microns. The PR is exposed for 12 seconds, and then developed, rinsed, and dried as explained previously. A 20 second plasma etch to descum the wafer
at this stage was found to be helpful in promoting metal adhesion in coming steps. 15-20 nm of
chromium is deposited on the wafer in a Denton E-beam Evaporator at a rate of approximately
3 Angstroms/second. This acts as an adhesion layer [17] [18]. A 60 nm layer of nickel is then
deposited in the same way. Nickel was determined as the best heater material because of its high
thermal coefficient of resistivity, low resistivity, and ease of deposition. A lift-off process is used to
remove the excess chromium and nickel. This is done by submerging the wafer in acetone and then
sonicating it for 15 minutes, thus removing the PR and the metal on top of it and leaving behind
75

the heater pattern in nickel. The specifics of the heater design are presented in much greater detail
in Chapter 3.
The third step involves etching the gas channel within the silicon shroud. The work for
this step is performed on the opposite side of the wafer from where the heaters were deposited, as
seen in Figure fig:fabrication. The lithography for this step is the exact same as for the alignment
marks. After the lithography is complete a DRIE step follows. The STS ICP recipe for this step is
the same as for the alignment marks etch (see Table A.1). This time, however, the STS is only run
long enough to etch 100 µm deep. The remaining PR is cleaned off following the same procedure
as for the alignment marks step.
The next step is to bond the wafer to another 250 micron thick wafer to seal the column pores. The process used for this work was derived from the work done by Kissinger [19],
Schmidt [20], and especially Farrens et al. [21]. Farrens developed a method to bond wafers at
room temperature without chemicals. The process is as follows: the contact surfaces are exposed
to O2 plasma at 100 W for 10 seconds. They are then rinsed in DI water and blown dry, after
which they are placed on a hot plate at 110 °C for 60 seconds. The contact surfaces are aligned and
pressed together for 30 seconds. Baking the wafers at 250 °C for 24 hours afterwards will greatly
increase the bond strength. Work is still ongoing to determine the bond strength of the channel
after the final etching step when there is very little contact surface area remaining.
The final step is another through-wafer etch. However, because the total wafer thickness
after the bond is now 500 microns, AZ 3300 is no longer robust enough to act as a PR mask as
it will not withstand the DRIE process. SU8, a crosslinking negative resist that can be spun on
extremely thick, is used instead. To apply the SU8 5 drops of Omnicoat are first spun on the wafer
at 3000 RPM for 30 seconds. The wafer is placed on a hot plate at 200 °C for 1 minute. The SU8 is
then spun on in three steps, first at 500 RPM for 6 seconds, then at 2500 RPM for 60 seconds, and
lastly at 6000 RPM for 2 seconds. The wafer is then baked on a hot plate at 65 °C for 3 minutes.
The plate temperature is increased to 90 °C and the wafer is baked for 6 minutes. The plate is then
allow to cool and the wafer is removed from the hot plate once the temperature again reaches 65
°C. Using the Karl Suss aligner, the intensity of 386 nm light is measured in order to calculate the
time necessary to achieve the total exposure energy needed to pattern the SU8. This exposure time
should be about 158 divided by the measured intensity. Afterwards, the SU8 is baked following
76

the same procedures used right before the exposure step. The wafer is developed in SU8 developer
for 5 minutes and then washed with IPA followed by DI water. A post development bake follows
where the wafer is placed on a 65 °C hot plate and the temperature is then set to 200 °C and allowed
to ramp up. The wafer is left on the hot plate for 20 minutes. Before beginning the etch in the STS,
the wafer is first attached to a support wafer using Crystal Bond. The STS recipe and procedure is
the same as that used in previous steps. After the through-wafer etch the wafer can be cleaned in
O2 plasma in the STS. The etched wafer is easily removed from the support wafer by placing them
on a hot plate set to 90 °C, after just a few moments the wafers can be separated.
In order to fabricate a fully functioning GC column capillary tubing must be connected to
the column inlet and outlet to deliver the mobile phase and gas sample. Work to accomplish this is
ongoing and will be discussed in future publications.
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